Abstract Carbonaceous material obtained from industrial sewage sludge and Na-zeolitic tuff were used to adsorb cadmium from aqueous solutions in column systems. The Bohart, Thomas, Yoon-Nelson, and mass transfer models were successfully used to fit the adsorption data at different depths, and the constant rates were evaluated. The parameters such as breakthrough and saturation times, bed volumes, kinetic constants, adsorption capacities, and adsorbent usage rates (AUR) were determined. The results show that the breakthrough time increases proportionally with increasing bed height. The adsorption capacity for cadmium for Na-zeolitic tuff was higher than carbonaceous material. The results indicated that the Na-zeolitic tuff is a good adsorbent for cadmium removal.
Introduction
Environmental pollution by heavy metals is a serious and complex problem that it is a focus of attention worldwide. Metals such as lead, cadmium, copper, nickel, chromium, zinc, and mercury have been recognized as hazardous heavy metals. Unlike organic wastes, heavy metals are nonbiodegradable and they react with the body's biomolecules to form extremely stable biotoxic compounds which are difficult to dissociate causing various diseases and disorders (Hashim et al. 2011; Ahmaruzzaman et al. 2011) .
Cadmium is one of the few elements that seems to have no function in human or animal life. Cadmium exposure can provoke cancer, kidney damage, mucous membrane destruction, vomiting, diarrhea, bone damage, and itai-itai disease, as well as affects the production of progesterone and testosterone and leads to lung disease (Lesmana et al. 2009; Wang and Lin 2010; Fu and Wang 2011) .
The Word Health Organization (World Health Organization 2008) has announced a maximum cadmium uptake of 0.003 mg/L in drinking water; its toxicity is known in all its forms (metal, vapor, salts, and inorganic and organic compounds).
There are many treatment processes to remove metal ions from aqueous solution, such as chemical precipitation, filtration, evaporation, ion exchange, electrochemical treatment, membrane technologies, adsorption on activated carbon, etc. Chemical precipitation and electrochemical treatment are ineffective, especially when metal ion concentration in aqueous solution is from 1 to 100 mg/L and also produce large quantities of sludges.
Ion exchange, membrane technologies, and activated carbon adsorption process are extremely expensive when treating a large amount of water and wastewater containing heavy metals in low concentrations; they cannot be used at large scale (Ahmaruzzaman 2011; Bulut and Tez 2007) . Table 1 summarizes the advantages and disadvantages of those conventional metal removal technologies.
Adsorption has acquired global importance to minimize the contamination problem of water and air, and this process has become a significant addition to green chemistry endeavors (Bhattacharyya and Gupta 2008; Lesmana et al. 2009 ). Adsorption has additional advantages; for example, it may be applicable to solutions of low concentrations, suitable for using batch and continuous processes, ease of operation, little sludge generation, and possible regeneration and reuse. However, the high price of adsorbents (usually activated carbon) is regarded as the major obstacle for industrial applications (Lesmana et al. 2009 ).
Natural materials, wastes/by-products of industries, or synthetically prepared materials that require some minor treatment can be used as alternative adsorbents (Fu and Wang 2011) . Some low-cost adsorbents for the removal of heavy metals include: zeolites (Gutiérrez-Segura et al. 2012; Cortés-Martínez et al. 2009 ), carbonaceous material from sewage sludge (Gutiérrez-Segura et al. 2009 ), polymer modified Fe 3 O 4 nanoparticles (Badruddoza et al. 2013) , dead plant biomass (Saraswat and Rai 2010) , mesoporous silica, and activated carbon (Machida et al. 2012) .
Sewage sludge formed during sewage treatment constitutes a serious economic problem. The common disposal processes for sewage sludges include land filling, agricultural application, and incineration (Fonts et al. 2012) . Although there are several sewage sludge disposal methods, it is better to make use of these waste materials by turning them into a resource. The pyrolysis of sewage sludge is an alternative to conventional combustion process; it consists in the thermal decomposition of organic substances under oxygendeficient circumstances, where the volume of the solid is drastically reduced to obtain a carbonaceous material and the heavy metals present in the carbonaceous matrix are relatively resistant to natural lixiviation (Pokorna et al. 2009 ). The means of production, the characteristics and potential application of sewage sludge-based adsorbents obtained by pyrolysis, and other methods of carbonization have been reviewed in detail by Fytili and Zabaniotou (2008) and Smith et al. (2009) .
Removal of cadmium using carbonaceous material from pyrolyzed sewage sludge (Gutiérrez-Segura et al. 2012 ) and natural zeolites has been evaluated (Hamidpour et al. 2010; Jamil et al. 2010; Teutli-Sequeira et al. 2009; Ji et al. 2012) in adsorption equilibrium; however, these processes have not been reported in continuous systems. Equilibrium adsorption is useful to determine the adsorption mechanisms, the adsorption kinetic behaviors, and the adsorption capacities. However, industrial adsorption processes are usually performed in fixed-bed column systems which do not reach the sorption equilibrium (Cooney 1998) .
The purpose of the present work was to compare and determine the adsorption behavior of cadmium using a Na-zeolitic rock and a carbonaceous material in continuous systems and to determine the basic parameters that could be useful to design a column system for cadmium wastewater treatment.
Materials and Methods
The clinoptilolite-rich tuff from Villa de Reyes, San Luis Potosi, Mexico, was milled and sieved. The grain size used was between 0.8 and 1.0 mm. The zeolitic material was treated with a solution of sodium chloride and refluxed (50 g of material with 250 mL of a 0.125-M NaCl solution); this procedure was repeated four times. The zeolitic material was washed with distilled water until no presence of chloride ions was indicated in the washing solution using a AgNO 3 test; then, the sodiumtreated zeolitic tuff (Na-Z) was dried at 60°C for 2 h.
The carbonaceous material was obtained from industrial sewage sludge. The sludge feedstock and the pyrolysis procedure have been described elsewhere (Torres Pérez et al. 2008) . The pyrolysis of the sludge was performed at 500°C for 60 min. Later, the samples were milled and sieved, and grains with diameters between 0.42 and 0.84 mm were selected. The carbonaceous material was then treated with 10 % hydrochloric acid solution at 20°C for 8 h. It was washed five times with distilled water and dried at 100°C for 2 h. A full characterization of these materials has been reported elsewhere (Gutiérrez-Segura et al. 2012 ). Stock cadmium solutions (100 and 300 mg/L) were prepared with deionized water using Cd(NO 3 ) 2 ·4H 2 O (analytical grade).
Fixed-Bed Experiments
The adsorption process was conducted in 4, 8, and 16-cm bed high in glass columns of 1.0 cm internal diameter. The weights of adsorbents were 2.1, 4.9, and 10.0 g of Na-zeolitic tuff and 1.6, 3.4, and 6.8 g of carbonaceous material; the fixed-bed volumes for both adsorbents were 3. 14, 6.28, and 12.56 cm 3 . Glass wool was put in the bottom of the column to support the adsorbent.
The columns were fed with solutions of 60 mg/L of cadmium at a constant volumetric flow rate of 5 mL/min and pH of 6.0 in downflow mode. This volumetric flow rate was calculated according to Tchobanoglous et al. (2003) . Liquid samples were withdrawn at different time intervals until the effluent concentration was equal to the influent concentration. Cadmium concentrations were determined in the liquid phases at λ=228.8 nm by atomic absorption spectroscopy (GBC-932 plus). The breakthrough curves were obtained by plotting C e /C 0 (effluent concentration/influent concentration) of cadmium vs. time. The breakthrough time (t b ) chosen in this study was the time where cadmium concentration in the effluent reached 1 mg/L; the bed exhaustion or saturation time (t s ) was chosen to be the time where cadmium concentration in the effluent reached 99 % of the initial cadmium concentration.
Mathematical Models
Experimental evaluation of the performance of a fixed-bed column is generally possible at laboratory scale. The data collected during laboratory studies can be utilized to predict and evaluate the performance of higher size columns by applying suitable mathematical models developed for such purposes (Hasan et al. 2010) . The experimental data were fitted to the mathematical models by using the program Origin Pro 8.0.
The removal of cadmium from aqueous solution onto Na-zeolitic tuff and carbonaceous material in a fixed bed was expressed in terms of C e /C 0 (where C 0 and C e are the influent and effluent cadmium concentration, respectively) as a function of either volume of effluent or time. The treated effluent volume, V s , is calculated using Eq. 1:
where Q is the volumetric flow rate (L/min) and t s is the time at saturation (min). The total amount of cadmium in the column, m total , is computed by using Eq. 2:
The uptake capacity at breakthrough point (q b ) or the amount of cadmium adsorbed per unit dry weight of adsorbent at breakthrough (mg/g) is given by the Eq. 3 (Tchobanoglous et al. 2003) :
where M is the mass of adsorbent (g) and V b is the volume of solution passed until breakthrough point (mL). Similarly, the uptake capacity of adsorbent at saturation time (q b in mg/g) is calculated from Eq. 4:
where V s is the volume of cadmium solution to reach saturation (L).
The percentage of cadmium removed by the column is the ratio of the total cadmium retained by the column divided by the total amount of cadmium input to the column, which is given by Eq. 5:
where m ad is the total metal retained by the column (g), which is the area found above the breakthrough curve and is obtained by numerical integration. The steepness (dc/dt) of breakthrough curve is a measure of the efficiency of column to reach the saturation and is obtained from t b (time at breakthrough point) to t s (min).
The mass transfer zone (Z m ) represents the length of bed over which the concentration in the fluid phase changes from an upper value C 1 (breakthrough time) to a lower value C 2 (saturation time); the length of this zone is an index of the rate of mass transfer (Cooney 1998) , and it is computed using Eq. 6:
where Z m is the length of the mass transfer zone (cm), Z is the bed depth (cm), t b is the time at breakthrough (min), and t s is the time at saturation (min) (Futalan et al. 2011; Singh et al. 2012) . Another useful parameter suggested to evaluate the performance of adsorbent materials as a function of the working conditions, and the amount and nature of the pollutant is the adsorbent usage rate; this is a parameter of practical significance and is equal to the adsorbent weight in the column (g) divided by the amount of liquid eluted in the column up to the breakthrough region (L) and is expressed as follows (Cooney 1998; Pastrana-Martínez et al. 2010 
):
Adsorbent usage rate AUR ð Þ¼ Adsorbent inside the column Volume treated at breakthrough ð7Þ
Bohart-Adams Model
The expression of the model is the following (Gutiérrez-Segura et al. 2012):
where k BA is the kinetic constant (L/mg min), U is the linear flow rate (cm/min), Z is the bed depth of column (cm), and N o is adsorption capacity (mg/L). The k BA and N o values that describe the characteristic operational parameters of the column can be calculated using nonlinear regression analysis. Huchins (Cortés-Martínez et al. 2009 ) presented a modification of Bohart-Adams equation which is called "bed depth service time" (BDST) approach and is expressed as:
where t is the service time at breakthrough, U is the linear flow rate (cm/min), Z is the bed depth (cm), k BA is the Bohart-Adams constant (L/mg min), N o is the adsorption capacity of the adsorbent (mg/L), C 0 is influent concentration (mg/L), and C b is concentration at breakthrough (mg/L), respectively. Equation (10) has the form of a straight line:
Thomas Model
The equation of the model is as follows:
where, K Th is the Thomas rate constant (L/min mg), q o is the sorption capacity of adsorbent (mg/g), Q is the volumetric flow rate (L/min), and m is the mass of the adsorbent (g).
Yoon-Nelson Model
The Yoon and Nelson equation regarding to a single component system is expressed as the following:
where K YN is the rate constant (min −1 ); τ, the time required for 50 % adsorbate breakthrough (min). Due to the symmetrical nature of the breakthrough curve, the amounts of cadmium adsorbed by the adsorbents are one half of the total cadmium entering the sorption column within the 2τ period. Hence, the following Eq. 13 can be written (Köse and Öztürk 2008) :
This equation also permits the determination of the adsorption capacity of the column (q o ) as a function of initial metal concentration (C o ), flow rate (Q), mass quantity in the column (m), and 50 % breakthrough time (τ).
Mass Transfer Model
The mass transfer rate is a combination of local mass transfer through the external film (mass transfer coefficient, k) and intraparticle diffusion (diffusion coefficient, D), through macro and/or micropores. The diffusion is normally assumed to be driven by the concentration gradient (Won et al. 2012) . This model was used successfully by Barros et al. (2004) in the removal of chromium in fixed-bed columns using zeolite NaX as sorbent. The model considers the following: The data obtained from the batch adsorption isotherm can be used to predict the theoretical breakthrough curve, which can be compared with the experimental curve. The Langmuir model was considered because the experimental data were best fitted to the Freundlich model (Gutiérrez-Segura et al. 2012) . The differential mass balance equation for a fixed-bed column is given by the following:
where C is the fluid phase metal concentration, q is the metal concentration in the sorbent averaged over the sorbent volume, v is the interstitial velocity, D is the diffusion coefficient, x is the axial distance in the column, and t represents time (Muhamad, et al. 2010) . The mass transfer model (Eq. (14)) was solved by using AQUASIM software. The parameter K was determined by Langmuir isotherm model, by assuming b=1/K, described by the following form:
Results and Discussion
Successful design of a column sorption process required prediction of the behavior of the concentration of the effluent in a determined time or breakthrough curve. In this work, the effect on the shape of the breakthrough curves, breakthrough times, and column performances were investigated. Figures 1 and 2 show the breakthrough curves obtained for cadmium sorption onto Na-zeolitic tuff and carbonaceous material, respectively, at different bed depths. The breakthrough curves become sharper as the bed depth increases from 4 to 16 cm. The Mexican regulations establish tolerance limits to discharge cadmium in wastewater of 1 mg/L (NOM-002-SEMARNAT 1996), and therefore, this value was taken in this work as the breakpoint and saturation points were taken at 99 % of the influent concentration.
As shown in Table 2 , the time required for attaining the breakthrough or saturation increased with increasing bed depth for both adsorbents. Similarly, bed volume at breakthrough or saturation increased with increasing bed depth. The Z m increased from 3.97 to 11.67 and 3.94 to 14.9 cm as the bed depth increases for Na-zeolitic tuff and carbonaceous material, respectively. This displacement of the front of adsorption with increasing the depth of beds can be explained by mass transfer phenomena that take place in this process. When the bed depth was reduced, axial dispersion phenomena increased in the mass transfer and reduce the diffusion of metallic ions. Jain et al. (2013) studied the cadmium sorption by sunflower waste carbon calcium-alginate in a fixed-bed system and reported an increase in breakthrough time with increasing bed depth.
The cadmium maximum adsorption capacities were obtained at a 16-cm bed depth. The adsorption capacities were estimated to be 6.19 and 1.54 mg/g for Na-zeolitic tuff and carbonaceous material, respectively, and the corresponding metal removal efficiency was not affected (98 %). The adsorption capacity for cadmium increases with increasing bed depth by having sufficient time for the adsorbate to diffuse into the whole mass of the adsorbent and an increase of the surface area of adsorbent mass that provides more binding sites for adsorption in a column with a longer bed depth. Columns with short bed depth saturate quickly due to lesser availability of sorbent and hence metal-binding sites (Zulfadhly et al. 2001) . These results are smaller than those obtained in equilibrium systems because the time required to reach the equilibrium between adsorbent and heavy metal solutions is much longer (about 7 h for Na-zeolitic tuff and 48 h for carbonaceous material) (Gutiérrez-Segura et al. 2012), and the data reflect the affinity of the adsorbent material for the heavy metal which it is higher for Na-zeolitic tuff than carbonaceous material. The steepness of breakthrough curves for cadmium adsorption for both adsorbents decreased with increasing depth; this behavior results in a broadened mass transfer zone, which makes breakthrough curves less steeper. The shape of the curves indicates that it is more difficult to saturate the beds as their depths increase; similar behaviors were observed elsewhere (Lodeiro et al. 2006; Naja and Volesky 2008; Chen et al. 2011) .
The results shown in Table 3 indicate that 1 L of cadmium solution of 60 mg/L can be treated with 8 g of Na-zeolitic tuff or 33 g of carbonaceous material. The relation between AUR and bed depth indicates that the AUR decreased significantly from 4 to 8-cm bed depth for Na-Zeolitic tuff, and this decrement is lower for carbonaceous material. Similarly, Girgis et al. (2008) studied the removal of palladium complexes using a fixed-bed adsorption system, and their results showed that the adsorption efficiency of palladium was not improved significantly by increasing the bed residence time.
The adsorption data from column elutions were analyzed by using the Bohart-Adams, Thomas, Yoon-Nelson, and mass transfer models. BohartAdams model was applied to the sorption kinetics data until breakpoint was reached, and Thomas and Yoon-Nelson models were applied until saturation was reached.
Bohart-Adams Model
Breakthrough curves generally permit a description of the adsorption process since a breakthrough capacity is characteristic of a column under given experimental conditions (Han et al. 2009 ). The Bohart-Adams model is used to describe the initial part of a breakthrough curve (effluent concentration (C e ) <0.5 influent concentration (C o )). Figures 1 and 2 show the adjustments of the experimental results to the Bohart-Adams model, and Tables 4  and 5 summarize the k BA , N o , and R 2 parameters for Na-zeolitic tuff and carbonaceous material, respectively. The values of N o increased while the values of k BA decreased as column-bed depth increased for both adsorbents. This behavior could be attributed to the contact time of the cadmium solution with the adsorbent; as the column-bed depth increased, the contact time of cadmium solution with the adsorbent increases (the mass transfer zone increases) and then, Table 2 Adsorption data of cadmium removal using Na-zeolitic tuff (Na-Z) and carbonaceous material (MC) in a fixed-bed system at different bed depths the adsorption capacities increased and the kinetic constants (k BA ) decreased; a similar behavior was observed with the Thomas model, as shown below. The best results were found for the columns with the highest bed volume (BV) for both adsorbents, and it was found that the adsorption capacities (N o ) of Na-zeolitic tuff for cadmium were 5.1, 3.8, and 3.3 times higher than the capacity found for carbonaceous material for column depth of 4, 8, and 16 cm, respectively. The values of the Bohart-Adams model parameters can be extrapolated to other influent concentrations and hydraulic loading rate (Goel et al. 2005) . Although the BohartAdams model provides a simple and comprehensive approach to evaluate the adsorption column process, its validity is limited to the range of conditions used in the column (Han et al. 2009 ). Figure 3 shows t b and t s vs. bed depth for Na-zeolitic tuff and carbonaceous material. The relationships obtained for cadmium sorption are as follows:
Breakthrough time is therefore the determining parameter of the process; the relation between bed depths vs. breakthrough time represents a linear function that can be extrapolated to superior bed depths of columns and can be useful to scale up the process for other bed depths without additional experimental runs (Kumar and Bandyopadhyay 2006) . Furthermore, service time at breakthrough points is proportional to bed depth of column, as it is showed in Fig. 3 . According to Eqs. 16 and 17, the sorption capacity of Na-zeolitic tuff for cadmium is 4.5 times higher than that for carbonaceous material under the same experimental conditions. The critical bed depth (Z 0 ) is the minimum bed depth necessary to produce an effluent concentration C b . By letting t=0, Z 0 is obtained from Eqs. 16 and 17 (Tian et al. 2013 ). The critical bed depth values for Na-zeolitic tuff and carbonaceous material were 4.64 and 4.75 cm, respectively. These values were obtained from Eqs. 16 and 17 as the point where the best-fit line through the data intersects the abscissa. The critical bed depth depends on the kinetics of the adsorption process, on the amount of time available for adsorption to occur (i.e., the "residence" time of the fluid in the bed), on the adsorption capacity of the solid for the solute, and on the solute concentration corresponding to breakthrough (C b ) (Cooney 1998) .
Similar values of critical bed depth were obtained for removal of Hg (II) using granulated activated carbon and activated carbon cloth, 4.9 and 2.8 cm, respectively (Goyal, et al. 2009 ). Table 4 Parameters obtained from the breakthrough curves and adjustments to the Bohart-Adams, Thomas, Yoon-Nelson, and models for cadmium onto Na-zeolitic tuff at different bed depths Bohart-Adams model Thomas model Yoon-Nelson model 
Thomas Model
A model for the breakthrough curves obtained for chromatography columns was proposed (Singh et al. 2012 ).
The main advantages of this model are its simplicity and reasonable accuracy in predicting the breakthrough curves under various experimental conditions (Köse and Öztürk 2008) . Thomas model assumes the Langmuir kinetics of adsorption-desorption and no axial dispersion and is derived from the adsorption that the rate driving force obeys second-order reversible reaction kinetics. This model also assumes a constant separation factor, and it is applicable to either favorable or unfavorable isotherms. The primary weakness of Thomas model is that its derivation is based on second-order reaction kinetics. Sorption is usually not limited by chemical reaction kinetics but it is often controlled by interphase mass transfer. This discrepancy can lead to some error when this method is used in adsorption processes (Hasan et al. 2010; Rozada et al. 2007; Ahmad and Hameed 2010) . Figures 1 and 2 show the breakthrough curves fitted to the Thomas model, and the parameters obtained are shown in Tables 4 and 5 . According to the figures, it is observed that the saturation time increased as the bed depth increased for both adsorbents. As shown in Tables 4 and 5 , the value of the kinetic constant K Th decreased as the adsorption capacity (q o ) and bed depth increased. It was found that the regression coefficient (R 2 ) for both adsorbents was >0.94. According to Lodeiro et al. (2006) , for the majority of cases, the Thomas and Bohart-Adams models are able to describe rupture curves precisely, and at the same time, kinetic constants (k) can be determined. Hasan et al. (2010) studied the adsorption of Se(IV) and Se(VI) by agroindustrial waste and wheat bran; they reported that, when the bed depth increased, the axial dispersion of the mass transfer decreased, and therefore, the diffusion of the adsorbate into the sorbent increased. According to the batch results reported in a previous work (Gutiérrez-Segura et al. 2012) , the kinetic constants and the correlation coefficients of second-order model are higher for the Na-zeolitic tuff than carbonaceous material, and the Langmuir isotherm indicates that the adsorption capacity (q e ) was higher for Na-zeolitic tuff (17.63 mg/g) than for carbonaceous material (15.13 mg/g), and the parameter b for Na-zeolitic tuff and carbonaceous material is of the same order of magnitude, which indicates similar affinities of cadmium for both materials; these results agree to the Thomas model theory. Therefore, it is recommended to use Na-zeolitic tuff rather than carbonaceous material for the removal of cadmium in column systems. The best results were found for the column with the highest bed depth for both adsorbents, and it was found that the adsorption capacities (q o ) of the Na-zeolitic tuff for cadmium at saturation were 2.9, 1.7, and 1.6 times higher than the capacities found for carbonaceous material at bed depth of 4, 8, and 16 cm, respectively.
The Yoon-Nelson Model
The Yoon and Nelson model is not less complicated than other models, and it does not require any detailed data concerning the characteristics of the adsorbate, the type of the adsorbent, or the physical properties of the sorption bed. This model is based on the assumption that the rate of decreasing in the probability of adsorption for each adsorbate molecule is proportional to the probability of adsorbate adsorption and the probability of adsorbate breakthrough on the adsorbent (Hasan et al. 2010; Köse and Öztürk 2008) . The adjustment of the experimental results fitted to the Yoon-Nelson model is shown in Figs. 1 and 2 , and the parameters K YN , τ, and q o obtained are presented in Tables 4 and 5 for both adsorbents. The rate constant K YN in general decreased, and the 50 % breakthrough time τ increased with increasing bed depth (Tables 4  and 5 ). As shown in Figs. 1 and 2 , the breakthrough curves shifted gradually to the right and the saturation times (180, 400, and 850 min for 4, 8, and 16-cm bed depth, respectively) for cadmium increased as the bed depth increased for Na-zeolitic tuff; a similar behavior was observed for carbonaceous material. The increase of contact times when the bed length increases is responsible for this behavior (Ahmad et al. 2006) ; the fixed-bed column performance depends on the contact time. It is also evident from Tables 4 and 5 that the adsorption capacities calculated by Thomas and YoonNelson models are similar for Na-Z and carbonaceous material. According to the results, the maximum adsorption capacities for both adsorbents increased proportionally with the bed depth of the column.
Mass Transfer Model
The experimental data could be fitted to the Thomas, Bohart-Adams, and Yoon-Nelson models. However, those models are undefined mathematically when the effluent concentration approaches zero during the initial period of the adsorption process. The mass transfer coefficient, k (min
), is often derived from semiempirical correlations relating the parameters given in Table 6 .
The influences of the following parameters on the model were evaluated for the three heights of bed of zeolitic tuff or carbonaceous material: & D, the diffusion coefficient & k, the mass transfer coefficient & K, the adsorption constant of the Langmuir isotherm equation & q max the maximum uptake of substrate adsorbed on adsorbent Figure 4a , c shows the influence of these parameters upon the shape and position of the breakthrough curves. From these figures, it appears that K and q max have the highest dependence since both present a symmetric behavior; also, it is observed that D is low sensitive. Therefore, the estimated parameters could not be considered when there is a high dependence between them or if the model is not sensitive to some parameter.
Numerous simulations were performed until the best adjustments were achieved for values of k, K, D, and q max , according to experimental data for zeolitic tuff and carbonaceous materials. When K was kept fixed, the other parameters (k, D, and q max ) varied at different values and vice versa (Table 6) . For all cases, it was observed that the influence of diffusion coefficient (D) onto process is negligible due to its very low value because its contribution is depreciable compared with the other parameters and therefore, the dispersion was insignificant. Then, this value can be kept in the model or it can be removed because it does not affect the other parameters; similar behaviors were observed for both adsorbent materials. In general, the standard deviations were low and q max were of same order of magnitude in comparison to equilibrium isotherms.
In the adsorption of complex phenolic compounds on active charcoal, it was found that the parameter that most affects the value of the critical time of breakthrough curves is the mass transfer coefficient k. The adsorbent mean particle diameter and the adsorption isotherm pattern are not governing parameters for critical time estimation (Richard et al. 2010) .
The cadmium breakthrough curves of zeolitic tuff predicted by the mass transfer model are illustrated in Fig. 4b , and K, k, D, and q max parameters are reported in Table 6 . The experimental data could be well fitted to the mass transfer model for the three curves. However, it was necessary to eliminate a section (200-400 min) because the results did not correspond to the experimental data. Borba et al. (2008) explained that this behavior is possible due to hydrodynamic deviations such as axial dispersion related with the velocity gradients into the column. Figure 4d shows the adjustments of the experimental results to the mass transfer model for carbonaceous material. It can be seen that the 8 and 16-cm breakthrough curves data could be satisfactorily fitted to the mass transfer model, as supported by the low relative standard deviation between experimental data and model prediction (Table 6) but this was not possible using the data of the column of 4 cm due to the short longitude because it affects the hydraulic performance of the experiment. Finally, it was decided to use 8 and 16-cm breakthrough curves data where K was fixed as 10, the estimated value of D was an order lower, and its adjustment was acceptable for 8 and 16-cm breakthrough curves (Fig. 4d) .
Conclusions
The experimental results showed that Na-zeolitic tuff and carbonaceous material are effective adsorbents for the removal of cadmium from aqueous solutions in fixed-bed systems. Increasing the bed depth, the adsorption performance improved. The Bohart, Thomas, and Yoon-Nelson models were successfully used to fit the column data at different depths. AUR was lower for Na-zeolitic tuff than carbonaceous material to treat 1 L cadmium solution of 60 mg/L.
The experimental data could be fitted to the mass transfer model, and the parameters obtained agree well with known values or exhibit expected trends when absolute values are not known. All of these indicate that diffusion-dispersion is negligible.
The influence of the parameters of model was evaluated and was detected that the parameters K and q max showed a structural dependence and that D value is depreciable for both adsorbents. The value 
